Prompt fission neutrons and γ rays are calculated in the framework of the statistical Hauser-Feshbach formalism applied to the decay of excited primary fission fragments, and implemented in a Monte Carlo approach in the CGMF code. Distributions, correlations and exclusive data on neutrons and γ rays are inferred, in addition to the more commonly assessed average spectrum and multiplicity. Questions related to the initial conditions that characterize the fission fragment configurations in deformation, excitation energy, spin and parity, are discussed at some length, and their impact on computed solutions are reviewed. The case of 252 Cf spontaneous fission is used to illustrate typical results obtained in this framework.
Introduction
The fission of a heavy nucleus is most often accompanied by the emission of neutrons and γ rays from the primary fission fragments that are produced in an excited state. Neutrons will carry away most of their excitation energy, while γ emission will bring down their angular momentum most efficiently.
So far, the most important quantities of interest for nuclear technologies have been the average spectrum and multiplicity of the neutrons emitted. The average total energy carried away by the prompt photons is also important for calculating the total energy deposition and gamma heating in reactor fuels, for example. Because of this rather limited focus from the applied physics community, only minimal efforts have been devoted to the detailed study of prompt particles for quite some time.
A renewed interest in the fundamental understanding of the fission process as well as its various applications in nuclear technologies is shedding new light on these post-scission data. From a fundamental point of view, prompt observables can shed some light on the physics near the scission point, and place more stringent constraints on fission model predictions. New applications enabled by accurate and detailed predictions of prompt emitted particles are opening new venues in detector response simulations (Pozzi et al. , 2012) , fission signatures, detection of special nuclear materials, etc.
The so-called Los Alamos (LA) model (Madland and Nix, 1982) has been used very successfully over the years to evaluate the average prompt fission neutron spectrum (PFNS) for most actinides and for incident neutron energies up to 20 MeV. An important asset of the LA model is its limited number of input parameters, which makes it ideal for evaluation and data adjustment purposes across a wide range of actinides (Rising et al. , 2013) . It is however limited to the prediction of the average PFNS, and says nothing about prompt γ rays except for the average residual excitation energy eventually carried away by the photons. More subtle neutron emission characteristics that are very instructive about the fission process itself cannot be studied due to the various averaging procedures used the derivation of the model.
Recently, Monte Carlo simulations (Becker et al. , 2013; Talou et al. , 2011; Litaize and Serot, 2010; Vogt et al. , 2009 ) of the decay of the fission fragments have been able to produce a much more detailed picture of the postscission process. In particular, fragment-dependent prompt fission neutron data have placed more stringent constraints on energy sorting mechanisms at play near the scission point.
In this paper, we report on results obtained using such simulation tools applied to the case of 252 Cf spontaneous fission, and discuss some of the assumptions that are made in the course of performing those calculations.
Monte Carlo Hauser-Feshbach Calculations

Code Developments
The statistical Hauser-Feshbach theory of nuclear reactions (Hauser and Fesbhach, 1952) has been used over many years in well established nuclear reaction codes, such as GNASH, EMPIRE, TALYS or COH, used for nuclear data evaluation purposes in particular. It has been applied successfully to describe low-energy (few keV to ∼200 MeV) nuclear reactions of light particles impinging on medium to heavy target nuclei. Cross sections, angular distributions, energy spectra, etc, can all be calculated by these codes, if given proper information on the probabilities of different decay channels, e.g., n, p, γ, α, fission, etc.
Such codes are well suited for computing inclusive cross sections such as (n, 2n), or production rates of given nuclear states. They are much less adequate for calculating exclusive cross sections, e.g., (n, 2nγ 1 ) where γ 1 correspond to a specific transition between two known nuclear levels, or for studying correlations between the emitted particles. Our CGM code ) is a Monte Carlo implementation of the Hauser-Feshbach equation. It samples channel probability distributions and selects one particular decay path. By repeating this process a large enough number of times, one builds an ensemble of histories that represent different decay paths. Straightforward statistical analyses of this ensemble can provide simple answers to relatively complicated questions.
A similar approach was followed in (Lemaire et al. , 2005; Talou et al. , 2011) with our FFD code to describe the de-excitation phase of primary fission fragments by the evaporation of prompt neutrons from a Weisskopf spectrum. The fission-specific part of FFD was re-written as a C++ class for CGM, and the new code was named CGMF.
Fission Fragment Evaporation
When applied to the de-excitation of fission fragments, the CGMF code first samples the fission fragment yields given as a function of mass, charge, and total kinetic energy, Y(A, Z, T KE). Once both light (A l , Z l ) and heavy (A h , Z h ) fragment partners are chosen, along with T KE, then the total excitation energy T XE available for the emission of prompt neutrons and photons is simply known from nuclear mass differences,
where (A f , Z f ) are the mass and charge of the fissioning nucleus, E inc is the incident neutron energy (in the case of neutron-induced fission reactions, of course) and B n is the neutron binding energy of the target nucleus. In the case of spontaneous fission, both E inc and B n are set to zero. Both fragments get a share of T XE according to processes discussed in the next section. In addition, they are both formed in a certain (J, π) state that can be significantly different from the one their parent nucleus was formed in. For instance, in the case of spontaneous fission of 252 Cf, for which the ground-state of the parent nucleus is in a 0 + state, light and heavy fragments are formed with an average of 6 to 7 (Wilhelmy et al. , 1972) .
Neutron emission probabilities are obtained from the transmission coefficients inferred from optical model calculations, and are given by
where ρ is the level density in the residual nucleus (Z, A − 1) formed in the residual excitation energy equal to the initial excitation energy E minus the energy carried away by the neutron and minus the neutron separation energy S n . In this work, the Koning-Delaroche global optical potential was used for all fission fragments (Koning and Delaroche, 2003) . The γ-ray strength function formalism was used to compute the photon emission probabilities as
where the γ-ray transmission coefficients are given by
The term f Xl represents the strength function for the multipolarity l of type X (either E or M). In this work, only E1, E2 and M1 transitions are considered. The emission probabilities P( n ) and P( γ ) are sampled at every stage of the cascade to determine a specific decay path. At higher energies, the Gilbert-Cameron-Ignatyuk prescription for the level density is used to describe a continuum of levels. At lower excitation energies, the known discrete nuclear states in each fragment are used instead, and are connected smoothly to the continuum. Nuclear structure data is taken from the latest RIPL-3 library (Capote et al. , 2009) .
Each Monte Carlo history consists of a suite of neutron and photon energies and angles, as well as fission fragment data. Statistical analyses are then performed on a large number of histories to extract quantities of interest.
Initial Conditions
The distributions of primary fission fragments in mass, charge, excitation energy, spin and parity, Y(A, Z, U, J, π) are required to perform Hauser-Feshbach calculations of their subsequent decay. While theoretical efforts are underway to predict such quantities (Randrup and Möller, 2011; Sierk , 2012; Younes and Gogny, 2009) , such works remain limited in their precision and even ability to predict the full distribution. In this work, we therefore rely on experimental measurements for the partial yields Y(A, T KE) (Hambsch , 2007) , and on systematics (Wahl, 1988) for the distribution Y(Z|A). The distribution of excitation energies in each fragment is the focus of Sec. 2.4. The distribution in spin J and parity π is also unknown, but several experimental data on prompt photons as well as on isomeric ratios, can help constrain it, see (Becker et al. , 2013 ) for more details.
Initial Excitation Energy Distribution
For a given pair of a light (A l , Z l ) and heavy (A h , Z h ) fragments, and for a given value of the total kinetic energy T KE, the total excitation energy T XE available for the emission of prompt neutrons and γ rays is known, as expressed by Eq. 5. Not all of this energy is available right after scission as the fragments remain deformed compared to their ground-state shape while moving further apart due to their Coulomb repulsion. This collective part of the total excitation energy eventually relaxes into an intrinsic excitation of the fragments once separated.
In the present work, we assume that all prompt neutrons and photons are emitted from the fully accelerated fragments. In addition, the fully accelerated fragments are assumed to be in their ground-state deformation. In other words, by the time the emissions occur, all the stored collective energies have been transformed into intrinsic excitation energy available for neutron and γ-ray emissions.
At scission, one can write
where U i int represents the intrinsic part of the excitation energy in fragment i, U i de f is the deformation energy of the fragment i, which is defined as the difference between the energy of the fragment in its configuration at scission and the energy of its ground-state shape. Finally, U i coll correspond to the collective modes normal to the fission axis. The observation of odd-even staggering in fission fragment yields in charge as well as TKE tend to indicate that the intrinsic part of the excitation energy is not large, and that the most important contribution comes from collectivity. This would be in agreement with the observation of the "saw-tooth" shape for the average number of neutrons as a function of fragment mass, ν(A), as shown in Fig. 1 In and (Becker et al. , 2013) , a pragmatic approach was used to distribute T XE among the two fragments. A mass-dependent temperature ratio was used to mostly put extra excitation energy in the light versus the heavy fragments, except for the most asymmetric fragments (A h ≥ 147) for which the inverse is true. At symmetry, this temperature ratio is equal to one, increases for heavy masses up to ∼130, and declines thereafter, reaching below 1.0 for heavy fragment masses beyond 147. For such very asymmetric fragmentation, the heavy fragment is predicted to be more deformed than its light partner. A similar approach has been used in (Litaize and Serot, 2010; Manailescu et al. , 2011) . Simple arguments based on valence neutrons and protons can also be made (Casten, 1985) for each fragment, which reproduce qualitatively the shape of R T (A) observed in our works.
Work is in progress to determine the energy stored at scission in the collective degrees of freedom, using the recently developed Monte Carlo model of (Randrup and Möller, 2011) . By considering only the fission fragments produced in the random walk process, one can infer an average mass-dependent deformation energy that can be used in Eq. 5 for each fragment. The remaining intrinsic excitation energy can then be shared according to simple statistical rules.
In (Schmidt and Jurado, 2010) , the authors proposed an energy sorting mechanism to explain the rise of the neutron multiplicity mostly solely in the heavy fragments when increasing the total excitation energy in the fissioning nucleus, as observed in 237 Np (n, f ) reaction for instance (Naqvi et al. , 1986) . This mechanism assumes that the two fragments are already formed at scission, and are in thermal contact. The temperatures at low excitation energies of many nuclei have been inferred from nuclear level density studies, cf. (Kawano et al. , 2006) , and show that on average the temperature decreases with increasing nuclear mass. This trend is modulated due to shell corrections though. While appealing, this model is based on a few important and not so obvious assumptions: (1) the fragments are already fully formed, which is clearly not the case since in many cases a rather important neck exists between the two nascent fragments; (2) what are the nuclear temperatures of the fragments near scission? Those cannot be the same as when the nuclei are in their ground-state, and no prescription is given on how to calculate these temperatures without first knowing the deformation of the fragments; (3) the assumption of a constant-temperature of the level density up to 20 MeV made in the original paper is not supported by most experimental studies of level density. In the more realistic case described by the Gilbert-Cameron-Ignatyuk formalism, which is used in the present work, the impact of this energy sorting mechanism is significantly reduced. But more importantly, because this mechanism is only concerned with the intrinsic part of the excitation energy, it cannot account for the observed saw-tooth shape of the neutron multiplicity as a function of the fragment mass, and therefore does not address the full question of energy sorting at scission.
Numerical Results
We present here some numerical results obtained from CGMF simulations performed in the case of 252 Cf spontaneous fission. Similar results have been obtained for other fissioning systems (Becker et al. , 2013) .
The calculated prompt fission neutron multiplicity distribution P(ν) is shown in Fig. 2(a) and compared to experimental data (Vorobyev et al. , 2004; Balagna et al. , 1973) . The agreement is fair, although the calculations underestimate the peak observed at ν=4. The calculated average neutron multiplicity ν c = 3.78 is in excellent agreement with the standard value of 3.76. In Fig. 2(b) , the calculated prompt photon multiplicity distribution is shown to reproduce very well the evaluation used by Valentine (Valentine, 2001 ) based on Brunson's fitting model. The average gamma multiplicity is N γ = 7.88, which is very close to the evaluated ENDF/B-VII.1 value of 7.78.
Prompt fission data plotted as a function of the fission fragment mass are instructive as they can shed some light on the nuclear structure of the fragment, as well as on its configuration near the scission point. In the previous section, we have already discussed Fig. 1 , which shows the evolution of the average number of emitted neutrons as a function of the fragment mass, and how it relates to the deformation energy of the fragments near scission. Figure 3 shows the average gamma energy (a) and the average gamma multiplicity (b) as a function of the fragment mass. The average γ-ray energy plot shows a distinct peak near A ∼ 130, where shell closures enhances the temperature of the fragments, hence reduces the level density and increases the average distance between the nuclear levels, which translates into a higher average energy for the γ transitions.
The calculated average gamma multiplicity is shown in Fig. 3(b) and compared to available experimental data. A slight saw-tooth behavior is observed, similar to the one for ν(A). This result is however fairly sensitive to the assumptions made for the initial spin distribution in the primary fragments. New experiments to measure this quantity are highly encouraged, as discrepancies in existing data sets do not provide a clear enough picture. Thanks to the Monte Carlo approach, studying correlations between the emitted neutrons and photons is relatively straightforward. Figure 4 shows the average total gamma energy and average total gamma multiplicity as a function of the number of neutrons evaporated. Both results indicate a decrease of those values as the neutron multiplicity increases. This result is in stark contrast with the one inferred in (Nifenecker et al. , 1972) . Unique measurements of correlations between prompt neutrons and photons should be performed to resolve this issue.
Conclusion
Recent new simulation capabilities are offering a fresh view of the fission process and prompt fission neutron and photon data. The Monte Carlo Hauser-Feshbach statistical theory of nuclear reactions implemented in our CGMF code is providing calculated results that were not possible in the recent past. In this approach, the emissions of neutrons and photons from the primary fission fragments are followed at each step of the evaporation cascade on a fission eventby-event basis. Distributions and correlations, in energy and angle, among the emitted particles can be studied in a straightforward manner by analyzing millions of Monte Carlo histories. Such new capabilities represent an important tool for both basic research on the fission process and for applications interested in more than average prompt fission data.
Of particular interest is what happens near the scission point, leading to the formation of two fission fragments in a given state of excitation energy, spin and parity. The excitation energy sorting mechanisms at scission are the result of both collective and intrinsic processes, and still remains to be fully understood. So far, only phenomenological solutions to this problem have been used to perform reliable calculations, and a clear and quantitative model has yet to be developed. The initial spin distribution in the fragments is also of great interest as it controls in large part the emission of prompt photons in competition with the neutrons. In addition, correlations between prompt neutrons and photons provide even more stringent constraints on advanced fission models being developed. New experiments on such correlation data are highly encouraged, as our results are in contradiction with earlier indirect experimental evidence. Finally, we would like to stress the importance of renewing efforts for modeling and measuring pre-neutron emission fission fragment yields as a function of mass, charge and kinetic energy, and this as a function of the incident neutron energy in the case of neutron-induced fission. Such efforts are currently underway in a (2E,2v) experiment at LANSCE (Tovesson, 2013) and will hopefully provide some data clearly needed to expand the use and accuracy of MCHF calculations at higher excitation energies and for more actinides, for which little data is available.
